ABSTRACT: Myeloma bone disease (MBD) is a devastating complication of multiple myeloma (MM). More than 80% of MM patients suffer from destructive bony lesions, leading to pain, fractures, mobility issues, and neurological deficits. MBD is not only a main cause of disability and morbidity in MM patients but also increases the cost of management. Bone destruction and lack of bone formation are main factors in the development of MBD. Some novel factors are found to be involved in the pathogenesis of MBD, eg, receptor activator of nuclear factor kappa-B ligand (RANKL), osteoprotegerin (OPG) system (RANKL/OPG), Wingless (Wnt), dickkopf-1 (Wnt/DKK1) pathway. The addition of novel agents in the treatment of MM, use of bisphosphonates and other supportive modalities such as radiotherapy, vertebroplasty/kyphoplasty, and surgical interventions, all have significant roles in the treatment of MBD. This review provides an overview on the pathophysiology and management of MBD.
Introduction
Multiple myeloma (MM) is a plasma cell disorder, characterized by bone marrow infiltration with clonal plasma cells, production of monoclonal immunoglobulin (paraprotein), and end organ damage including lytic lesions in the bones, renal impairment, hypercalcemia, and anemia. 1 End organ damage is the main differentiating point of symptomatic from asymptomatic MM. In myeloma bone disease (MBD), lesions could be in the form of a classic discrete lytic lesion (radiolucent, plasmacytoma), widespread osteopenia, or multiple lytic lesions affecting any part of skeleton, preferably spine, skull, and long bones. 2 The higher the number of lesions, the poorer the prognosis. 3 Increased osteoclastogenesis with suppressed osteoblastic activity is the main mechanism of MBD. 4 There are certain factors involved in stimulation and formation of osteoclasts (OCs) and reduction of osteoblastic activity. Recent advances in understanding of MBD showed that the receptor activator of nuclear factor kappa-B ligand (RANKL) and osteoprotegerin (OPG) system plays a key role in this regard. 5 MBD on one hand results in increased disability, morbidity, and on the other hand leads to increased cost of treatment of these patients. 6 MM patients with bone disease not only need standard antimyeloma therapy but also require treatment with bisphosphonates (BPs), pain control, and a subgroup of patients may need radiotherapy and surgical interventions. 7 This article focuses on different factors involved in the development of MBD and treatment modalities to manage this condition.
Osteoblasts. OBs are mononuclear cells originating from mesenchymal stem cells (MSCs). They contain the enzyme alkaline phosphatase, which could be used as a marker of osteoblastic activity. 11, 15 Their normal location is near the bone surface where new bone is laid down. Their main function is bone formation, by collagen synthesis, osteocalcin (OCN) production, and mineralization. 16, 17 OBs that become a part of mineralized matrix are called osteocytes, and they secrete the same type of biochemical agents as OBs. 18, 19 
Pathophysiology of Myeloma Bone Disease
In contrast to normal bone remodeling, the coupling mechanism of OCs and OBs is lost in MM. Increased osteoclastic activity resulting in bone resorption and suppressed osteoblastic activity leading to decreased/absent bone formation are key factors in the development of MBD 18 ( Fig. 1) . MBD is distinct from other metastatic diseases as there is no bone formation whereas in cancers like prostate and breast, the osteoclastic as well as osteoblastic activity is increased. 20 Studies have shown that tissue hypoxia is a key factor in disease progression and metastasis of both solid tumors and hematopoietic malignancies. 21 The expansion of plasma cells and neovascularization result in low oxygen in bone marrow niches. The resultant hypoxia in the BM-mic is considered as a triggering factor in myeloma cells (MCs) metastasis. 22 This spread is mediated by the activation of epithelial to mesenchymal cell transition, resulting in a reduced adhesion in bone marrow and an increased spill of MCs into peripheral circulation.
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Increased osteoclastogenesis
Increased osteoclastic activity is a major element of MBD, and an increase in bone resorption markers has been noted in patients with MM. 4, 24 There are many factors involved in formation and activation of OCs in myeloma patients. Interactions of MCs, T-lymphocytes, and bone marrow stromal cells (BMSCs) within the BM-mic contribute significantly in the development of MBD. The RANKL and OPG, a decoy receptor for RANKL, system plays the most important role in bone remodeling, and an imbalance in this system is one of the factors responsible for osteolysis seen in MM. 25 Other chemokines are macrophage inflammatory peptide 1-α (MIP-1α), interleukin-3 (IL-3), interleukin-6 (IL-6), interleukin-7 (IL-7), stromal derived factor-1α (SDF-1α), and vascular endothelial growth factor (VEGF).
Bone Marrow microenvironment, MCs, T-lymphocytes, and BMSCs. The BM-mic includes both cellular and noncellular components. 26 The cellular part consists of clonal plasma cells (MCs), immune cells (T-lymphocytes) and BMSCs, whereas proteins in extracellular matrix, cytokines, and growth factors in extracellular fluid make up the noncellular compartment. 26 MCs are noticed to be present in large amounts near the site of active bone resorption, and their interactions with BM-mic play an important role in the development and spread of disease. 27, 28 MCs produce decoy receptor 3 (DcR3), which is responsible for OCs differentiation and activation. 26 DcR3, which belongs to tumor necrosis factor (TNF) receptor superfamily, is overexpressed in MCs and T-lymphocytes. 29 MCs not only secrete certain cytokines which are involved in MBD but also stimulate BMSCs and OBs to activate the RANKL/ OPG system which is a key factor in this process. 18 MCs can even interact with OCs and change themselves to multinucleated cells having bone resorptive properties. 
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BMSCs have a critical role in the development of MBD. MCs adhere to BMSCs and this leads to the production of certain anti-apoptotic proteins and cytokines. 31 MCs and BMSCs interactions upregulate RANKL, IL-6, B-cell activating factor (BAFF), and activin A. 32 BAFF, a member of TNF superfamily, is involved in the development of B-cells and promotes osteoclastogenesis and MCs survival. 32 Activin A belongs to the transforming growth factor (TGF) family, and high levels are noticed in advanced stage MM; furthermore, it acts as an activator and inhibitor of OCs and OBs, respectively. 33 Immune cells, particularly T lymphocytes, regulate OC and OB activity, survival, and function. 26 In a study, Prabhala et al demonstrated a different subset of T helper cells (called Th17-1 cells). These cells secreted interleukin-17 (IL-17) in the bone marrow of MM patients. 34 IL-17 not only mediates MBD but also increases MC survival. 35 Activated T cells in MM produce osteoclastogenic cytokines such as IL-3, RANKL, DcR3, and TNF, resulting in enhanced osteolysis in these patients. 29 Giuliani et al demonstrated that RANKL expression is upregulated in activated T-lymphocytes and CD3 positive cells in the bone marrow of myeloma patients with extensive bone disease. 36, 37 These findings are suggestive of T-lymphocytes involvement in the process of MBD.
RANKL/OPG System. RANKL, which belongs to TNF superfamily, is produced by BMSCs, OBs, and activated T-lymphocytes. MC interaction with BM-mic, hypercalcemia, and other bone resorpting agents such as parathyroid hormone (PTH), parathyroid hormone related protein (PTHrp), and vitamin D3 stimulate BMSCs and OBs to increase production of RANKL. 16, 38 The number of precursor OCs is increased under the effect of macrophage-colony stimulating factor (M-CSF); then, RANKL through its RANK receptor on precursor OCs stimulates them to differentiate into mature OCs and reduces OC apoptosis resulting in increased osteoclastic activity. 39 RANKL is a principal osteoclastogenic agent in MBD. Expression of RANKL is associated with a decrease in OPG levels in MM patients. MCs are not only the culprit for upregulating RANKL but at the same time they also internalize and degrade OPG, and consequently RANKL/OPG ratio is increased, which predicts poor survival in MM. 40, 41 Using immunohistochemistry stains, bone marrow biopsy specimens of myeloma patients were studied and an elevated RANKL with markedly reduced OPG expression was noted in BMSCs. This pattern was not observed in normal bone marrow or in other B-cell malignancies. 42 Investigators also noticed that if RANKL is blocked with an inhibitor (eg, RANK.Fc) or OPG, it resulted in decreased disease burden and bone resorption. 39 To sum up, RANKL/OPG imbalance is a major causative factor of MBD, and could be a target to treat MBD.
Macrophage inflammatory protein-1 alpha (MIP-1α). MIP-1α belongs to the C-C chemokines family, and its main functions are cell adhesion and migration. It acts as a chemotactic factor for inflammatory cells (eg, monocytes, lymphocytes, dendritic cells, etc.). 24 MIP-1α is a strong osteoclastogenic factor and inhibits stem cells proliferation as well. It is produced by BMSCs, hematopoietic stem cells, and MCs. 24, 43 MIP-1α plays an important role in the development of MBD. It causes direct activation of OCs, through chemokine receptors CCR1 and CCR5. MIP-1α also acts on MCs (as they carry CCR1) enhancing their interactions with BMSCs and OBs to stimulate expression of RANKL and indirectly increasing bone resorption. 24 Choi et al demonstrated high levels of MIP-1α in whole bone marrow samples of myeloma patients; later on Shima et al reported an upregulation of this agent in purified plasma cells. 44, 45 Levels of MIP-1α directly correlate with severity of bone disease and survival. In preclinical mouse models, blocking of MIP-1α with antibody reduced severity of bone resorption. It seems that MIP-1α is a major player in MBD and its downregulation may help in controlling MBD. Interleukin-6 (IL-6) and Interleukin-7 (IL-7). IL-6, produced by BMSCs, is involved in immune and inflammatory responses as well as in bone metabolism by activating certain pathways, like Ras/mitogen-activated protein (MAP), extracellular signal-regulated kinase (ERK) cascade, signal transducer and activator of transcription3 (STAT 3), and phosphoinositide 3-kinase/Akt cascade. Particularly, in myeloma, IL-6 increases survival of MCs and protects MCs from apoptosis. Its production is significantly increased in patients with active myeloma compared to monoclonal gammopathy of undetermined significance (MGUS) or smoldering myeloma. 47, 48 IL-6 enhances osteoclastic activity through increasing PTH effect, 47 seemingly upregulates IL-7 activity 26 to increase RANKL expression and bone resorption. 36 High levels of IL-7 are found in peripheral blood and bone marrow of MM samples. 49 In vitro studies have shown a reduction in RANKL expression with anti-IL-7 and anti-IL-6 (mAb-1339) antibodies. 36, 47, 50 Interleukin-3 (IL-3). IL-3 is a cytokine secreted from activated lymphocytes. IL-3 level is increased in bone marrow plasma as well as in purified CD138 positive plasma cells of patients with MM. This substance along with MIP-1α and RANKL significantly increases osteoclastic activity in MM, compared to MIP-1α and RANKL alone. 51 IL-3 had synergy with IL-6, leading to increased MCs growth.
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Osteopontin and VEGF. Osteopontin (OPN) is a noncollagenous protein present in bone, kidney, teeth, and epithelial lining tissues. It is produced by OBs and OCs and is involved in inflammatory responses, angiogenesis, apoptosis, and tumor metastasis. 52 VEGF is a major factor in neovascularization and is produced by cells controlling angiogenesis, eg, vascular smooth muscle cells. There is increased production of VEGF and OPN by MCs and BMSCs; studies have shown a marked reduction in angiogenesis and osteoclastogenesis when VEGF and OPN were blocked. 53, 54 CanCer Growth and Metastasis 2014:7
Stromal derived factor-1 alpha (SDF-1α). SDF-1α is produced by BMSCs and mediates its effect through CXCR4 receptor expressed on hematopoietic stem cells, lymphocytes, malignant cells and OC precursors. Its main role is hematopoietic stem cells homing, tumor proliferation, and migration.
MCs express CXCR4 and this expression is upregulated by certain factors, eg, VEGF. Thus, SDF-1α increases homing, migration of MCs, and enhances OC activity. Latter effect was much reduced with CXCR4 inhibitors, suggesting that SDF-1α plays a role in MBD. 55 
Decreased osteoblastogenesis
In MBD, reduced bone formation secondary to decreased osteoblastic activity also plays a key role in severity of disease, resulting from extensive bone loss and no repair. 56, 57 Osteoblastic activity keeps pace with osteoclastic activity in the early phase of disease or when disease progresses from benign condition, like MGUS, and if patients continue to have high osteoblastic function, they do not develop MBD. 58 There are certain factors involved in downregulation of osteoblastic activity, like Wnt/DKK1 pathway, IL-3, IL-7, secreted frizzled related protein-2 (sFRP-2), runt-related transcription factor 2 (Runx2), hepatocyte growth factor (HGF), and TGF-β.
Wingless (Wnt) signaling pathway. Wnt pathway has significant involvement in bone formation and remodeling. 59 Wnt signaling pathway is implicated in various types of human cancers and could be a therapeutic target. 60 Wnt genes encode Wnt family glycoproteins, which transduce signals through Frizzled family receptors with extracellular Wnt-binding and cytoplasmic Dishevelled-binding domains. 61 These glycoproteins (Wnts) are involved in cell surface receptor activation, gene expression, cell proliferation, differentiation, and migration. 62 Wnts also control embryogenesis, organ formation, development after birth, and regeneration of human tissues. 63 Wnts are classified as canonical-if they had capacity to inhibit phosphorylation of β-catenin and its degradationand noncanonical-if β-catenin levels do not change. 64 β-Catenin is the major factor for OPG expression from OBs. 59 It is demonstrated that inactivation of gene for LRP5 (lowdensity lipoprotein receptor-related protein 5), a Wnt signaling transducer, results in osteoporosis-pseudoglioma syndrome in humans, and gain-of-function mutations in LRP5 leads to a syndrome of hereditary high bone density. 65, 66 These findings suggest that activation of this pathway causes increased osteoblastic activity and inhibition will reduce bone formation (Fig. 2) . 67 This pathway is regulated by two main antagonists, DKK1 and sFRP-2.
Dickkopf-1 (DKK1). DKK1 is expressed by OBs and BMSCs, it antagonizes the Wnt pathway resulting in inhibition of OBs maturation and new bone formation. 68 Initially overexpression of DKK1 in bone marrow aspirate of myeloma patients was noted by cDNA microarray. Its concentration was increased in bone marrow plasma and peripheral blood of MM patients compared to MGUS or healthy controls.
As a result of high expression of DKK1, MSCs do not differentiate to OBs. 69 In in vitro studies it has been noticed wnt signaling upregulates ranKL expression from oB precursors resulting in increased osteoclastic activity and bone resorption. activation of wnt pathway increases oPG production from oB which in turn downregulates ranKL-driven osteoclastogenesis.
that DKK1 also increased IL-6 expression from MSCs, contributing to MCs survival and growth. Ya-Wei Qiang et al demonstrated that blockade of Wnt signaling also reduces OPG, and an increase in RANKL expression from DKK1 affected MSCs and by this adding to osteoclastogenesis. 68, 70 In a mouse model, anti-DKK1 (BHQ880) antibody reduced MBD, increased osteoblastic activity, and a marked reduction in disease burden has been reported. 71, 72 Secreted frizzled related protein-2 (sFRP-2). sFRP-2 is another Wnt pathway antagonist, and it inhibits binding of Wnt to membrane bound receptor, frizzled, resulting in downregulation of osteoblastic activity. 56 There are reports that it is expressed by MCs, and recombinant sFRP-2 inhibited differentiation of the murine OB-like cell lines. 73 These observations suggest that this sFRP-2 may have a role in MBD.
IL-3. IL-3 plays a dual role in bone remodeling by OC stimulation and indirectly OB inhibition. Ehrlich et al demonstrated that IL-3 inhibited basal and bone morphogenic protein 2 (BMP-2), which stimulates OBs formation in a dose-dependent manner both in mouse and human BMSCs. Marrow plasma from MM patients with high IL-3 levels inhibited OBs activity which could be blocked with anti-IL-3. This cytokine increased the number of CD45 positive hematopoietic cells in stromal cell cultures, and depletion of CD45 positive cells resulted in downregulation of IL-3 inhibitory effects on OBs.
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Runt-related transcription factor 2 (Runx2)/corebinding factor runt domain alpha subunit 1 (CBFA1). Runx2/CBFA1 plays an important role in formation and differentiation of OBs from MSCs and BMSCs. Activation of Runx2/CBFA1 in human BMSCs and preosteoblastic cells induces high expression of osteoblastic markers like alkaline phosphatase and OCN. Moreover, mice that are Runx2/ CBFA1 negative lack osteoblastic activity and bone formation. 75 When human MCs were cocultured with preosteoblastic cells, an inhibitory effect on OB formation was noted along with reduced activity of Runx2/CBFA1. In the same study a markedly reduced number of Runx2/CBFA1 positive cells were noted in bone marrow biopsy specimens of myeloma patients who have osteolytic lesions compared to who do not have MBD. 76, 77 IL-7. IL-7 has a dual affect, increasing osteoclastic activity as well as inhibiting OB stimulation and maturation. High levels of IL-7 had been demonstrated in bone marrow of MM patients, and it inhibited both early and late OBs differentiation and formation. IL-7 also decreased Runx2/CBFA1 activity.
75,78
Transforming growth factor-β (TGF-β). TGF-β is a growth factor released from bone matrix during bone resorption and acts to inhibit terminal osteoblastic differentiation. It has been demonstrated in vitro studies that blocking of TGF-β leads to inhibition of MCs growth as well as increased differentiation and formation of OBs. 54, 79 Hepatocyte growth factor (HGF). HGF is produced by MCs, and an elevated level had been demonstrated in the serum of patients suffering from MM compared to healthy individuals. In addition, high levels were associated with poor survival. Increased level of HGF negatively affects anabolic markers, through inhibition of BMP-2 and Runx2/CBFA1. 52 
Management of Myeloma Bone Disease
About 80-90% of myeloma patients suffer from osteolytic lesions during the course of disease affecting axial and appendicular skeleton. As a result of MBD, patients may suffer from bone pain (70-80%), fractures (50-60%), hypercalcemia (15%), spinal cord compression (2-3%), decreased quality of life, and poor mobility. 80 Management of MBD needs a multidisciplinary approach including antimyeloma treatment and the use of other supportive modalities like BPs, radiotherapy, pain control, vertebro-kyphoplasty, and surgical interventions.
Systemic antimyeloma treatment. Disease control is a major element in treatment of MBD. Patients should be started on a standard antimyeloma therapy. The choice of systemic antimyeloma treatment depends upon patient age, suitability for high dose therapy/autologous stem cell transplant, comorbidities, availability of certain drugs, and patient choices. More detail in this context is beyond the scope of this article.
Bisphosphonates (BPs). Bisphosphonate therapy (BPT) is standard of care in treatment of MBD. Derivatives of pyrophosphates and nitrogen-containing BPs (eg, pamidronate, zoledronic acid) are 10 to 10,000 times more potent than nonnitrogen containing BPs. Their main function is inhibition of OCs maturation and formation, enhancement of OCs apoptosis, and reduction of their adherence to bone by inhibition of farnesyl pyrophosphate synthase. In MM, intravenous agents are preferably used, as oral forms are less effective. 81 Pamidronate and zoledronic acid are widely used nitrogen-containing BPs. They reduce pain and other skeletal related events (SREs), eg, vertebral fractures, hypercalcemia, and are equally effective in this regard. They are recommended in symptomatic MM, with or without evidence of bone disease. 82 A placebo-controlled trial with intravenous pamidronate revealed significant decrease in SRE, better pain control, and improved quality of life in pamidronate group. 83 In the Medical Research Council (MRC) Myeloma IX trial, zoledronic acid has been shown to have antimyeloma effect and was found to be better than sodium clodronate in reduction of SREs, progression free survival (PFS), and overall survival (OS). 84 Pamidronate 90 mg intravenous infusion is given at least in two hours, zoledronic acid dose 4 mg is given in 15 minutes and to be repeated every three to four weeks. Dose adjustment is required for zoledronic acid if patient has renal impairment. Pamidronate can be used in patients with severe renal impairment with increased infusion duration of two to four hours and reduced dose of 30 mg. 82 Patients on long-term BPT should be monitored for adverse effects like renal toxicity and osteonecrosis of jaw (ONJ). Pamidronate-associated renal damage may present as proteinuria or nephrotic syndrome, and zoledronic acid may cause acute tubular necrosis, resulting in renal impairment. Serum creatinine and urinary protein should be monitored regularly in these patients. 85 Another serious adverse outcome with BPT is ONJ with incidence of 1-10% in long-term users of these agents. Incidence is higher with zoledronic acid as compared to pamidronate (10% vs. 4%). 86 ONJ is defined as presence of exposed bone in the mandible or maxilla in patients receiving BPT which does not heal within eight weeks in spite of proper dental management. Some patients may have pain or fistulae and a few may be asymptomatic. There are certain risk factors for this complication including tooth extraction or other invasive dental surgery, longer duration of BPT, poor oral hygiene, older age, and longer survival. 87 All patients going to start BPT should have dental review and if any invasive dental procedures needed it should be done before starting treatment. After invasive dental procedures BPT may be started 90 days post-procedures, seemingly if patient needed dental surgery which is inevitable, then it should be done 90 days after last infusion of BPs.
Optimal duration of BPT is still an open debate; however, with risks of ONJ and other adverse events with their long-term use, there is a concern among clinicians regarding indefinite use of these agents. Attal et al reported no significant difference in occurrence of SREs in patients who were on maintenance pamidronate (21% and 18%) compared to no maintenance group (24%) at 29 months of follow up. 88 International Myeloma Working Group (IMWG) suggested stopping BPT after one year in patients who are in complete remission (CR) or in very good partial remission (VGPR) and no active bone disease. Patients with less than VGPR, and ongoing bone disease should have BPT for up to 2 years. After two years, BPT can be stopped in patients with no active bone disease. If bony disease persists, further use of BPs is at the discretion of treating physician. Pamidronate or clodronate is preferred for long-term use (2 years). 89 Based on the above statement and available data, in certain groups of myeloma patients, BPT could be stopped after two years of treatment; however, remission status, extent of bone disease, and patient preference should be taken into account before making this decision.
Pain control. Majority of myeloma patients (70-80%) suffer from pain, and this could be the major complaint at the time of diagnosis. Pain in MM can be caused by disease process and bone resorption, in some cases plasmacytoma may cause nerve root compression. During the course of disease, patients may have pain as side effects of treatments, eg, thalidomide-or bortezomib-related peripheral neuropathy. An assessment should be made about pain severity, using pain score based on an imaginary pain scale from 0 to 10 (10 would be worst pain). Score of 5 or above would be moderate to severe pain, and patients who persistently have this reading should be referred to pain management team. 90 For mild pain paracetamol can be used, NSAIDS should be avoided if possible because of risk of renal toxicity. Patients who have moderate to severe pain may benefit from opioids like tramadol, oxycodone, fentanyl patches, and morphine. Patients should be observed for side effects like sedation and constipation with the use of opioids analgesia, particularly in elderly. BPs are also helpful in pain control. In cases where pain does not settle with pharmacological treatment, other modalities like radiotherapy, vertebroplasty/kyphoplasty and even orthopedic interventions may be required.
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Radiotherapy. Historically, radiotherapy has been an important part of MM treatment. Radiotherapy is a treatment of choice in solitary bone plasmacytoma and could be curative in some cases. Other indications are as pain control measure, spinal cord compression, pathological fractures, soft tissue plasmacytomas, and control of local neurological symptoms. Major risk of radiotherapy is permanent bone marrow damage, which can affect stem cell harvest in future. Most common indication is pain control where a success rate of more than 90% has been noted.
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Vertebroplasty/kyphoplasty. This is a minimal invasive procedure, carried out under local or general anesthesia. Vertebroplasty includes fluoroscopic percutaneous injection of polymethylmethacrylate, bone cement, into vertebral body for stabilization or pain relief. Kyphoplasty is the same type of procedure where inflatable balloon is placed into the vertebral body to expand it and then followed by injection of bone cement. Potential complication of this procedure is cement leakage which could cause nerve irritation or cord compression and embolization of cement.
Both procedures are effective and safe in reduction of pain and improvement of mobility in patients with compression fractures of vertebrae. 93 In one study, 26 patients with painful lesions because of MM had vertebroplasty. 77% of these patients had pain reduction after procedure, 1/3 of these became opioids independent, and 80% had improvement in mobility. There were three patients who had small cement leaks at the time of procedure, symptoms were resolved within 24 hours and there was no cement or fat emboli, bleeding, or infections. 94 These procedures are less invasive with excellent outcome in improvement of pain and mobility.
Surgical intervention. Surgery has a role in MM patients with fractures of long bones. Other indications are intractable pain not resolving after nonsurgical measures, spinal instability manifested as fracture or neurological deficit, and cord compression with epidural tumor. However, hematologist and radiation oncologist opinions should be sought before deciding on surgery.
Novel Agents in the Treatment of MBD
Anti-RANKL. RANKL is a key factor in pathogenesis of MBD. Denosumab (AMG 126) is a fully humanized antibody to RANKL; it has high affinity for RANKL leading to inhibition of RANKL-RANK interaction resulting in suppression of bone resorption. Body et al demonstrated efficacy and safety of denosumab in patients with breast cancer and MM with bone lesions; patients were given single dose of denosumab or pamidronate. Antiresorptive effects were assessed by changes in urine and serum level of N-telopeptide (a bone resorption marker). Results showed significant reduction in bone resorption marker with single dose of denosumab, which was similar to pamidronate but more sustained. 95 In another phase III trial of denosumab compared with zoledronic acid in patients with solid tumors metastatic to bone (excluding breast and prostate) and patients with MM, it was noticed that denosumab was not superior to zoledronic acid in decreasing SREs. 96 This drug is not approved for MBD at this point.
Proteosome inhibitor (bortezomib). The proteosome pathway plays a role in OB differentiation and its inhibition can induce new bone formation in rodents by increasing expression of BMP2, a potent inducer of OB differentiation. 97 Bortezomib is a backbone of MM treatment these days. Recent clinical trials have shown that bortezomib may increase osteoblastic activity as well. In one study, osteoblastic markers (bone alkaline phosphatase, BAP, and OCN) in serum of MM patients treated with bortezomib alone or in combination with dexamethasone were examined. The control group was MM patients treated with non-bortezomib based regimens. Quantification was made before treatment and three months after treatment. There was significant rise in BAP and OCN in the bortezomib group. The rise in BAP and OCN in control group was not statistically significant. 98 In another study, the bortezomib significantly increased transcription factor Runx2/CBFA1 activity in human OBs and also increased the number of OBs. 78 Bortezomib not only increased osteoblastogenesis but also demonstrated anti-osteoclastic activity in different studies. 99, 100 Immunomodulatory drugs. Immunomodulatory drugs (IMiDs) are thalidomide analogues, with significant antimyeloma activity. 101 IMiDs induce MCs apoptosis and enhance antimyeloma T cell and natural killer cell immunity. 102 These agents also inhibit angiogenesis, leading to BM-mic alterations and a decrease in MCs growth and survival. 103 In one study, thalidomide derivative CC-4047 inhibited osteoclastogenesis through downregulation of PU.1-a key factor for hematopoietic differentiation. 104 In another study, a reduction in RANKL/OPG ratio and bone osteolysis was noticed in MM patients treated with thalidomide-based regimen; however, no change was seen in bone formation markers. 105 Recently, a combination of lenalidomide with high dose dexamethasone has shown only marginal decline in bone resorption markers (only in those patients who responded to therapy); 106 however, when lenalidomide was combined with bortezomib (VRD-bortezomib, lenalidomide, dexamethasone), a significant reduction and increment was seen in bone resorption and formation markers, respectively. Anti-DKK1. Reduced OB function is also an important element of MBD. High expression of DKK1 has been found in MM patients with extensive bone disease. DKK1 not only has direct inhibitory effect on OB but also disrupts Wnt signaling, resulting in increased OC activation. 107 Yaccoby et al reported (study in SCID-rab mice) that anti-DKK1 stimulated OB activity, reduced osteoclastogenesis, and promoted bone formation in myelomatous and nonmyelomatous bones. The bone anabolic effect of anti-DKK1 was associated with reduced MM burden. 71 Based on these observations, anti-DKK1 may be a potential treatment agent in MBD in coming years.
OPG agonists. OPG is a decoy receptor for RANKL, and it blocks differentiation and activation of OCs. In one study, the safety and efficacy of recombinant OPG (AMGN 0007) was evaluated. Patients with MM and breast cancer with radiologically confirmed bony lesions were given single dose of AMGN 0007 or pamidronate 90 mg. Its effects were assessed by measuring resorption marker NTX. AMGN 0007 caused a decrease in the level of NTX and was comparable to pamidronate treated patients, and was well tolerated. OPG agonists are in very early stages of trials and may need a few more years before their role in MBD is established.
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Bruton tyrosine kinase inhibitors. Bruton tyrosine kinase (BTK) is a nonreceptor tyrosine kinase, expressed in many hematopoietic cells and carries a significant importance in B-lymphocytes development and function. 109 The BTK pathway is a potential therapeutic target in a variety of B-cell malignancies. 110 PCI-32765 (ibrutinib), the first BTK inhibitor, has shown significant antitumor activity in B-cell lymphoproliferative disorders such as chronic lymphocytic leukemia and mantle cell lymphoma. 111, 112 Recent studies suggested strong BTK expression in MCs 113 and involvement of this pathway in the development of MBD. 114 BTK is selectively expressed in OCs but not in OBs. 115 Investigators have demonstrated that BTK inhibitors (eg, PCI-32765 and LFM-A13) not only reduced tumor burden in MM but also decreased osteoclastogenesis and bone osteolysis. 113, 114 More studies are needed to establish the role of BTK inhibitors in the management of MBD. Table 1 provides a summary of novel therapeutic agents for MBD.
Summary
The majority of MM patients suffer from MBD, and this is a main cause of morbidity and disability in this disease. Increased osteoclastic activity and reduced osteoblastic function are key factors in MBD pathogenesis, which is orchestrated by different cytokines/chemokines, eg, RANKL/OPG, Wnt/DKK1, IL-6, IL-7, IL-3, MIP, and many others which are produced by MCs, BMSCs, and OBs. BPs are the mainstay of treatment in MBD; however, radiotherapy, vertebrokyphoplasty, and other surgical procedures have a role in a subgroup of patients.
Osteolysis is an independent risk factor for OS in symptomatic MM patients. In this era of targeted therapies, better understanding of pathogenesis of MBD has resulted in recognition of new targets in this disease. Inhibitors of RANKL, DKK1, IL-3, 1L-6, MIP, and BTK in combination with novel antimyeloma agents could be promising options in future. It is well documented that lytic lesions in MM never heal; however, novel therapeutic agents like bortezomib not only have antimyeloma effect but also increases osteoblastic activity resulting in the recovery of lytic lesions. With the addition of novel agents in the treatment of MM, median survival has significantly increased. This demands that the skeletal complications should be managed more aggressively to improve the quality of life. With ongoing clinical trials it is anticipated that a wide range of targeted therapies may become available in future to treat MBD more effectively. 
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